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To elucidate the epigenetic role of RNAi in mammals, we disrupted the gene for Eif2c2 (Ago2), which works as the sole slicer of RNAi in the
Argonaute family. In mice, disruption of Eif2c2 leads to embryonic lethality early in development after the implantation stage. This phenotype is
completely different from that in a previous report, but somewhat similar to the disruption of Dicer1, another important component of RNAi. We
also show that Eif2c2 is not required for the maintenance of DNA methylation in imprinted genes, centromeric repeats, and Xist. This suggests
that developmental defects in the Eif2c2-deficient mouse are caused not at the transcriptional level, but rather at the posttranscriptional level
through the miRNA–protein complex.
© 2007 Elsevier Inc. All rights reserved.Keywords: RNAi; Eif2c2; Dicer; MicroRNA; Mouse; DevelopmentRNA interference (RNAi) is an evolutionarily conserved
process in which small RNA can induce many different
silencing effects in epigenetic genes [1]. The regulatory
pathways are mediated by ∼21- to 26-nucleotide small RNAs,
microRNAs (miRNA) and small interfering RNAs (siRNAs).
Although the two types of small RNA are functionally
equivalent, they are distinguished by the way they form [2].
miRNAs are produced from transcripts that form hairpins
and are processed in the nucleus by Drosha [3] and Pasha [4]
and then processed in the cytoplasm by Dicer [5]. miRNAs are
further incorporated into the RNA-inducing silencing complex
(RISC), which includes Argonaute [6]. In this way, one strand⁎ Corresponding author. Laboratory of Genome Science, Biosignal Genome
Resource Center, Institute for Molecular and Cellular Regulation, Gunma
University, 3-39-15 Showa-machi, Maebashi 371-8512, Japan. Fax: +81 27 220
8110.
E-mail address: ihatada@showa.gunma-u.ac.jp (I. Hatada).
0888-7543/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygeno.2007.01.004of the small hairpin acts as miRNA. In contrast, siRNAs are
produced from long double-stranded RNA (dsRNA). They are
processed by Dicer and incorporated into RISC. Several reports
have documented that there is no functional difference between
miRNA and siRNA once they are loaded onto RISC.
Depending on the base pairing with the cognate mRNA, either
can cleave and induce gene silencing.
The RNAi mechanism is involved in a variety of gene-
silencing phenomena at the transcriptional, posttranscriptional,
and translational levels in various species. In vertebrates, a
knockout mouse experiment has shown that loss of the Dicer
gene leads to lethality early in development [7]. Dicer-deficient
mouse embryonic stem cells are completely defective in RNAi
and the generation of microRNA [8,9], but the RNAi machinery
involved in the establishment and the maintenance of hetero-
chromatin at the centromeres has been unclear. Kanellopoulou
et al. reported that the loss of Dicer led to the transcriptional
derepression of centromeric repeat sequences accompanied by a
Table 1
Number of pups born from Eif2c2-heterozygous mice
Wild type Heterozygous Homozygous Total
37 (38%) 60 (62%) 0 (0%) 97 (100%)
No homozygous mutant mice were born, indicating that Eif2c2-deficient mutant
mice die during embryogenesis.
688 S. Morita et al. / Genomics 89 (2007) 687–696loss of DNA methylation in these regions [8], while Murchison
et al. were unable to detect DNA methylation defects in ES cells
deficient in Dicer [9].
Several mammalian Argonaute proteins have been identi-
fied, and Liu et al. [10] recently showed that one, Eif2c2, is
responsible for miRNA cleavage activity, providing a catalytic
engine for RNAi. However, relatively little is known about its
epigenetic influences. So, we began to generate Eif2c2-deficient
mice and address the epigenetic roles of Eif2c2.
Results
Generation of Eif2c2-deficient mice
We generated Eif2c2-deficient mice from an ES cell
(XE344) carrying a gene trap insertion downstream of exon 1
in Eif2c2 (Eif2c2 Gt(XE344)Byg). Insertion of the vector resulted
in a truncated protein that had only seven amino acids of the
native EIF2C2 protein (Fig. 1). Heterozygous mice were bred to
generate homozygous mutant mice. Genotyping of 97 progeny
yielded 37 (38%) wild-type mice, 60 (62%) heterozygous
mutant mice, and 0 (0%) homozygous mice, indicating that
Eif2c2-deficient mutant mice die during embryogenesis (Table
1). PCR genotyping of 38 embryos recovered from five litters at
E7.5 revealed that wild-type (21%) and heterozygous embryos
(55%) were morphologically normal, while homozygous
embryos (24%) appeared to have their development arrested
before E7.5 (Table 2, Fig. 2A). No Eif2c2 transcript could be
detected in the Eif2c2-deficient mutant embryos (Fig. 2B).
Homozygous mutants at E5.5 were also slightly morphologi-
cally misshapen compared to the wild-type and heterozygous
embryos (Fig. 2C), and the size of each of the cells was
irregular. We could not detect any apparent morphological
differences in blastocysts (data not shown), suggesting that
homozygous embryos stopped growing at around E5.5.
Developmental arrest in Eif2c2-deficient embryos
The phenotype of Eif2c2-deficient mutant embryos was
characterized further by examining the expression of appro-
priate marker genes for specific tissues using whole-mount inFig. 1. Targeted selected inactivation of the mouse Eif2c2 gene. The conserved
PAZ domain and PIWI domain are indicated in colors in the Eif2c2 mRNA
sequence. In the genomic organization, exons are represented as boxes and
introns as lines. Targeted alleles are shown under the Eif2c2 mRNAsitu hybridization of embryos at E7.5. T (Brachyury) (Fig. 2D),
a primitive streak marker, is expressed in Eif2c2-deficient
embryos as well as in wild-type embryos. However, the
expression pattern in Eif2c2-deficient embryos was similar to
that in E5.5 embryos. Oct-4, an epiblast marker [11], was
detected in Eif2c2-deficient embryos (Fig. 2E) as well as in
wild-type embryos, which suggests that the epiblast region was
formed. BMP-4, which is an extraembryonic ectoderm marker
[12], was expressed just proximal to the boundary between the
embryonic and the extraembryonic regions in Eif2c2-deficient
embryos (Fig. 2F) as well as in wild-type embryos. The
expression pattern of Oct-4 and BMP-4 suggests that the
epiblast and extraembryonic ectoderm were formed in Eif2c2-
deficient embryos.
DNA methylation status of the major satellite and
intracisternal A particle (IAP) in Eif2c2-deficient embryos
The formation of heterochromatin depends on the RNAi
machinery in Schizosaccharomyces pombe, Tetrahymena, and
Drosophila, and links between DNA methylation and RNAi
have been reported in mammals [8,9]. Kanellopoulou et al.
showed that the ablation of Dicer in ES cells leads to the
activation of normally silenced repetitive elements, such as
major and minor satellite repeats, accompanied by a loss of
cytosine methylation in these regions [8]. However, Murch-
ison et al. reported that they were unable to detect DNA
methylation defects in ES cells deficient in Dicer. These
results are apparently contradictory, so we investigated the
DNA methylation status of IAP and major satellite repeats in
Eif2c2-deficient embryos to elucidate the effect of another
RNAi component, Eif2c2, in transposons and centromeric
heterochromatin.
The major satellite is composed of tandem repeats at copy
numbers of 700,000 that are located in the centromeric region
[13]. IAP repeats at copy numbers of about 1000 per haploid
genome are methylated at high levels in embryos and adult
tissues [14]. The formation of heterochromatin is organized in
wild-type as well as homozygous embryos (Fig. 3A). The LTRTable 2
Number of E7.5 embryos born from Eif2c2-heterozygous mice
Wild-type and heterozygous embryos were morphologically normal, while
homozygous embryos appeared to have an arrested development.
Fig. 2. Characterization of Eif2c2 mutant embryos. (A) Morphological comparisons were made between typical E7.5 homozygous mutant embryos (−/−) and wild-
type embryos (+/+). (B) Total RNA from wild-type and homozygous embryos was tested for the expression of Eif2c2. Gapdh was also examined as a control. (C)
Morphology of wild-type (+/+) and homozygous (−/−) Eif2c2-mutant embryos at E5.5. The arrowhead indicates the region where the size of the cells was irregular in
the homozygous embryo. Homozygous and wild-type embryos were stained by whole-mount in situ hybridization with a probe for (D) Brachyury, (E) Oct-4, and (F)
BMP-4.
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type and homozygous embryos as determined by CORBRA
(Fig. 3B, I). Next, we further analyzed the methylation status by
bisulfite sequencing of the IAP LTR region in wild-type and
homozygous embryos (Fig. 3B,II and III). The regionwas highly
methylated and there were no differences between wild-type and
homozygous embryos. We also analyzed the DNA methylation
status of major satellite repeats using CORBRA, bisulfite
sequencing, and an assessment of methylation-sensitive restric-
tion sites at the major satellite DNA (Fig. 3C, I, II, and III).
Again, there were no differences between wild-type, hetero-
zygous, and homozygous embryos. Next, we used RT-PCR to
quantify the expression of the IAP and major satellite (Fig. 3D).
Three wild-type and two homozygous embryos were analyzed.
We found no differences in IAP expression between wild-type
embryos and homozygous mutants with real-time PCR analysis(Fig. 3D, I). A semiquantitative PCR analysis using Gapdh as a
standardization control revealed no significant changes to the
major satellite transcript in cDNA primed with oligo(dT) and
random primers, either (Fig. 3D, II).
Analysis of imprinted genes—DNA methylation status and
expression
We next investigated the methylation status of imprinted
genes to determine whether the imprinted methylation can be
stably maintained. We analyzed the methylation pattern with a
total of six wild-type embryos, 12 heterozygous embryos, and
11 homozygous embryos at E7.5. Fig. 4A shows some of the
results. All loci examined, including the DMRs of Peg1/Mest,
Snrpn, Igf2r, and H19 [15], were half methylated in all of the
Eif2c2-deficient embryos as well as wild-type and heterozygous
690 S. Morita et al. / Genomics 89 (2007) 687–696embryos, and there were no significant differences in the DNA
methylation status in the DMRs of the imprinted genes (Fig.
4B). Next, we examined whether the allelic expression of the
imprinted genes was normal. DNA polymorphisms in the Im-
pact and Snrpn genes of mouse strains C57BL/6 and 129 were
detected by restriction fragment length polymorphism. As
shown in Fig. 4C, the paternally expressed genes Snrpn and
Impact showed a normal expression pattern in the homozygous
embryo, expression from the paternal allele and repression of
the maternal allele. These results indicate that the Eif2c2-
deficient embryos show normal methylation and expression of
the imprinted genes.
Analysis of Xist in Eif2c2-deficient embryos
DNA methylation has been implicated in the regulation of
Xist in differentiated cells. Xist is required for inactivation of
the X chromosome in cis in female cells. The promoter region
of the transcriptionally active Xist allele on the inactive X
chromosome is unmethylated, whereas that of the transcrip-
tionally inactive Xist allele on the active X chromosome is
highly methylated. So, we analyzed the DNA methylation
status of the Xist promoter region (Fig. 5A). In wild-type and
heterozygous female embryos at E7.5, the promoter was half
methylated, and in wild-type and heterozygous male embryos,
the promoter was fully methylated, suggesting that the
promoter region of the silent Xist allele on the active X
chromosome is fully methylated, while the expressed allele on
the inactive X chromosome is completely unmethylated. In the
homozygous embryos, the methylation pattern of the promoter
was normal; however, in some of the female homozygous
embryos, the promoter was completely unmethylated (Fig. 5A,
*3). The results were further verified with bisulfite sequencing
(Fig. 5B). We examined 18 CpG sites in the Xist promoter
region. In wild-type female embryos (*1) and homozygous
female embryos (*2) that show a normal methylation pattern,
58 and 60% of the CpG sites analyzed were methylated,
respectively, while in the other homozygous embryos (*3),
which show an abnormal methylation pattern, only 31% of
sites were methylated.
This could be explained by the developmental arrest of
embryos. In preimplantation embryos, the promoter region of
Xist shows a low level of CpG methylation [16]. After
implantation, DNA methylation occurred in this region. Then,
we checked the DNA methylation status of the wild-type and
heterozygous embryos at E6.5 (data not shown). As expected,
the methylation status of the Xist promoter varied, and we
concluded that the methylation status of the Xist promoter
reflects the developmental arrest in Eif2c2-deficient embryos.
Some data indicated that expression of Xist was not affected
by the DNA methylation status of the promoter region of Xist
[17]. We next used RNA fluorescence in situ hybridization
(FISH) to determine whether the expression and localization of
the noncoding RNA Xist was normal (Fig. 5C). We detected a
single Xist RNA accumulation signal in wild-type female cells,
but no RNA signals in wild-type male cells. In homozygous
embryos of E7.5, the majority of cells showed a pattern of Xistaccumulation similar to that in wild-type embryos. Thus, the
methylation of the promoter of Xist and the expression of Xist
seem not to be affected by a deficiency of Eif2c2.
Discussion
We disrupted the Eif2c2 gene by inserting a gene-trap
downstream of exon 1 in Eif2c2. The loss of Eif2c2 leads to
embryonic death at around E5.5, which suggests that Eif2c2 is
required for postimplantation development. There are eight
genes of the Argonaute family in the mouse and each Argonaute
protein has both a C-terminal PIWI domain and an N-terminal
PAZ domain (Fig. 1), which are highly conserved [18]. It is
striking that only a deficiency of Eif2c2 leads to early embryonic
lethality. Liu et al. [10] reported that all members of the
Argonaute family bound siRNA and microRNA at similar levels
and were widely expressed and that targeted knockout of Eif2c2
impaired RNAi of a reporter, while other family members had no
effect. This result suggests that in the Argonaute family, only
Eif2c2 has mRNA cleavage activity and contributes to the slicer
activity of RISC. Considering their results, Eif2c2 had some
specific function for mouse development through the RNAi
pathway, and the remaining Argonaute family members could
not compensate for the loss of Eif2c2, which suggest that the
phenotype of the Eif2c2-deficient mouse is due to a loss of the
miRNA pathway. They also reported that Eif2c2-deficient mice
display several developmental abnormalities, but the phenotype
was completely different from our results. In contrast to the
severe defects of our Eif2c2-deficient mice in early postimplan-
tation development, their mice showed milder defects in
midgestation. The most prominent phenotype of their mice
was a defect in neural tube closure, often accompanied by an
apparent mispatterning of anterior structures, including the
forebrain. On the other hand, the development of Dicer1mutants
was arrested before E7.5 [7]. At E7.5, the number of Dicer1-null
embryos was ∼50% lower than expected from Mendelian ratios,
probably because a fraction of the embryos died at an earlier
stage of development. Bernstein et al. [7] concluded that
phenotypic defects in Dicer1-deficient mice result in part from
a failure to process endogenous miRNAs, some of which might
regulate developmental defects. Given that Dicer and RISC form
part of the catalytic engine of RNAi, and only a single family
member, Eif2c2, has mRNA cleavage activity and contributes to
the slicer activity of RISC, the phenotype of our Eif2c2-mutant
mouse, similar to the phenotype of the Dicer1-deficient mouse,
makes much more sense. The targeted deletion strategy adopted
by Liu et al. was different from our strategies, which might
explain the developmental differences between our Eif2c2-
deficient mouse and theirs. They also suggested that their
mutants could still synthesize a small amount of Eif2c2, which
would also explain the milder developmental defects in their
mice. Our Eif2c2-deficient embryos at E5.5 were misshapen and
the cell size of the embryos was irregular. There were slightly
larger cells in the homozygous mutants, which might suggest
that the cell cycle was stopped. Fukagawa et al. reported that the
depletion of Dicer leads to mitotic defects and subsequent cell
death [19], and Dicer1-deficient ES cells have a significant
Fig. 3. Heterochromatin formation and the DNAmethylation status of IAP and the major satellite. (A) The formation of heterochromatin in wild-type and homozygous
embryonic cells. DAPI nuclear staining of wild-type and homozygous cells is shown. (B) The DNA methylation status of IAP. (I) Bisulfite-treated genomic DNAwas
amplified by PCR and digested with a methylation-sensitive enzyme, TaqI. Both digested PCR products (+) and undigested products (−) were subjected to gel
electrophoresis. (II) Bisulfite sequencing of the IAP LTR region in wild-type and homozygous embryos at E7.5. The methylation status of 11 CpG sites is shown
schematically. Methylated and unmethylated CpG sites are indicated by closed and open circles, respectively. (III) The DNA methylation status of IAP was compared
between wild-type and homozygous embryos. Data show the means of the bisulfite sequencing analysis shown in II and the error bars represent the SD. (C) The DNA
methylation status of the major satellite repeat. (I) Bisulfite-treated genomic DNA was amplified by PCR and digested with a methylation-sensitive enzyme,
HpyCH4IV. Both digested PCR products (+) and undigested products (−) were subjected to gel electrophoresis. (II) Analysis of the major satellite repeating unit by
bisulfite sequencing in wild-type and homozygous embryos at E7.5. The methylation status of four CpG sites from six individual clones is shown schematically (black
circles represent methylated sites), and percentages of methylated CpG sites are indicated in parentheses. (III) Assessment of methylation-sensitive restriction sites on
the major satellite DNA. Both HpyCH4IV-digested genomic DNA (±) and undigested genomic DNA (−) were subjected to PCR amplification. The major satellite
repeating unit has one HpyCH4IVenzyme-recognition site. If the HpyCH4IV-recognition site of the major satellite is methylated, one can detect PCR amplification. If
it is not methylated, one cannot detect PCR amplification. (D) The expression of the major satellite repeat and IAP. (I) IAP expression levels in wild-type and Eif2c2
mutant embryos. The data show IAP expression level normalized to Gapdh. (II) The major satellite expression levels in wild-type and Eif2c2 mutant embryos. RT-
PCR was used to quantify the major satellite-derived transcripts with oligo(dT) and random-hexamer priming from three wild-type embryos and two homozygous
embryos. The data show the major satellite expression level normalized to Gapdh.
691S. Morita et al. / Genomics 89 (2007) 687–696
Fig. 3 (continued).
692 S. Morita et al. / Genomics 89 (2007) 687–696proliferation defect [8,9] and fail to differentiate [8]. Eif2c2, as
well as Dicer, should function in mitosis, so our Eif2c2-deficient
cells could also proliferate slowly after implantation and fail to
differentiate, then stop growing.DNAmethylation plays an important role in the regulation of
gene expression, the maintenance of genomic integrity, parental
imprinting, and X chromosome inactivation. Kanellopoulou et
al. [8] showed that the ablation of Dicer leads to the activation
693S. Morita et al. / Genomics 89 (2007) 687–696of normally silenced genetic elements, such as transposons and
centromeric heterochromatin, by the loss of cytosine methyla-
tion in these regions in ES cells, while Muchison et al. [9] were
unable to detect DNA methylation defects in the ES cells
deficient in Dicer. In addition, the loss of Dicer in developing
thymocytes leads to no apparent loss of the constitutive
heterochromatin [20]. Some papers [21,22] suggested that
dsRNA does not directly induce DNA methylation in
mammalian cells. There are apparently contradictory results
and effects on the DNA methylation of heterochromatin. Our
results showed that Eif2c2, the sole slicer in RNAi, is not
essential for the epigenetic silencing of the pericentromeric
satellite sequence, imprinted genes, and Xist. In addition, the
promoter region of Xist was more methylated in Eif2c2-
deficient embryos at E7.5 compared to E6.5, suggesting that the
depletion of Eif2c2 is dispensable for de novo DNA methyla-Fig. 4. The DNAmethylation and expression of imprinted genes. (A) COBRA of imp
digested PCR products (+) and undigested products (−) were subjected to gel electrop
shown in (A) and compared between wild-type, heterozygous, and homozygous samp
wild-type, the heterozygous, and the homozygous embryos. (C) The expression of im
indicated.tion. These results suggest that developmental arrest in our
Eif2c2-deficient mice was not caused by epigenetic regulation
at the transcriptional level. A recent study reported a marked
effect on centromeric heterochromatin and also a failure to
assemble functional centromeres and to silence heterochromatin
on the knockout of Ago2 in Drosophila [23]. Drosophila Ago2
is not an ortholog of mammalian Eif2c2 (Ago2), and there is no
ortholog of Drosophila Ago2 in the mammalian genome.
Mammalian Eif2c2 is related to Drosophila Ago1. In Droso-
phila, Ago1 appears to primarily function in miRNA-mediated
translation repression, while Ago2 acts in siRNA-catalyzed
endonucleolytic cleavage.
So, what makes the Eif2c2-deficient embryos defective in
differentiation like Dicer1-deficient mouse ES cells [8]?
MicroRNA, 800 types of which have been discovered in
mammals, could be responsible for this and would play anrinted genes in wild-type, heterozygous, and homozygous embryos at E7.5. Both
horesis. (B) DNA methylation status was quantified by image analysis of the gel
les. There were no significant differences in DNAmethylation status between the
printed genes Snrpn and Impact. Polymorphisms of the B6 and 129 alleles are
Fig. 4 (continued)
694 S. Morita et al. / Genomics 89 (2007) 687–696essential role in the morphogenesis of a developing embryo at a
posttranscriptional level. Actually, miRNAs have been shown
to play an important role in several processes of development;
thus, Eif2c2 might be indispensable for the regulation of genes
with miRNAs at posttranscriptional levels. We cannot com-
pletely rule out the possibility that the maternal Eif2c2 protein
in the oocyte was used for the RNAi machinery in early
development. If the zygotic Eif2c2 was completely removed,
the role of Eif2c2 in preimplantation development and gene
silencing would be evident.
Overall, our studies reveal that Eif2c2 is essential for early
embryonic postimplantation development. In contrast, Eif2c2
seems to be dispensable for the epigenetic silencing of the
pericentromeric satellite sequence, imprinted genes, and Xist.
This means that RNAi cascades have an important role in
postimplantation development, but do not participate in gene
silencing. Additional insights should be gained from studying
conditional knockout strains, allowing one to determine the
requirement for Eif2c2 and microRNAs in different tissues at
different developmental time points.
Materials and methods
Gene targeting and mice
We generated Eif2c2 mice (referred to hereafter as Eif2c2-deficient mice)
from mutant ES cell line XE344 which was created by Bay Genomics in cells
derived from 129P2/OlaHsd mice [24]. A gene trap vector called pGT1Lxf
was inserted downstream of exon1 in Eif2c2. Targeted clones were injected
into blastocysts to generate chimeras. Five chimeras were generated and
backcrossed with C57BL/6 mice. Mouse genotyping was performed by PCR.
The wild-type alleles were detected with the primer pair 2C2Up-1 and
2C2Up-2. The targeted alleles were detected with the primer pair 2C2Up-1 and
86r. The sequences of primers are as follows: 2C2Up-1, 5′-GAGACC-
CACCCGCTCATGTC-3′; 2C2Up-2, 5′-ATATAGGCTCCTGCTGCAAC-
TATGA-3′; 86r, 5′-CACTCCAACCTCCGCAAACTC-3′.Determination of sex by Ube1 genotyping
We determined the sex of mouse embryos with the genomic PCR of
mouse Ube1 genes. There are two Ube1 genes in mice, Ube1x on the X
chromosome and Ube1y1 on the Y chromosome [25]. PCR primers were
designed that amplify fragments of both Ube1x and Ube1y1, but would result
in amplification products of different lengths, due to several deleted regions
between the two genes. Thus, two distinct bands were amplified from the
male samples and a single band from the female samples. The sequences of
the PCR primers were 5′-TGGTCTGG- ACCCAAACGCTGTCCACA-3′ and
5′-GGCAGCAGCCATCACATAATCCAGATG-3′.
Whole-mount in situ hybridization
Mouse embryos at 7.5 dpc were used for whole-mount in situ hybridization,
performed as described [26]. Prior to processing, embryos were fixed in 4%
paraformaldehyde in PBS for approximately 24 h at 4°C and dehydrated
through a methanol series. Probes for in situ hybridization were generated from
T7-promoter-containing PCR products. The probes for Oct-4, Brachyury, and
BMP4 were amplified from the cDNA clones (GenBank Accession Nos.
(mouse Oct-4) BQ256969, (mouse Brachyury) AA122853, (mouse BMP4)
BC034053) using the following primers: Oct-4, 5′-ATGGCTGGACACCTG-
GCTTC-3′, 5′-TTAACCCCAAAGCTCCAGG-3′; Brachyury, 5′-CGCAAC-
GCATGATCACCAG-3′, 5′-GTGACACAGGTGTCCACGAG-3′; BMP4, 5′-
ATGATTCCTGGTAACCGAATG-3′, 5′-ATCGGCTGATTCTGACATGC-3′.
The digoxigenin-labeled antisense probe was generated according to the
manufacturer’s instructions (Boehringer Mannheim).
Bisulfite genomic analysis
Genomic DNA was prepared from the embryos at 7.5 dpc and was treated
with a CpGenome DNA modification kit (Intergen). The modified DNA was
amplified with the primers [15] Peg1 [15], 5′-GGTTGGGTTTGGATATTGTA-
AAGT-3′, 5′-TTCCCTATAAATATCTTCCCATATTC-3′; Snrpn [15], 5′-TTT-
GGTAGTTGTTTTTTGGTAGGATAT-3′, 5′-ACTAAAATCCACAAACC-
CAACTAAC-3′; Igf2r [15], 5′-GAAGTTGTGATTTTGGTTATGTTAAG-3′,
5′-ACAATTTACACCCTCAAAATACCTC-3′; H19 [15], 5′-GGATATATG-
TATTTTTTAGGTTGGT-3′, 5′-AAAAAAACTCAATCAATTACAATCC-3′;
Major satellite [27], 5′-AAATCTAGAAATGTTTATTTTGT-3′, 5′-TTCGGATC-
CTAAAATATATATTTCTCAT-3′; IAP (GenBank Accession No. AF303453), 5′-
Fig. 5. The DNA methylation and expression of Xist. (A) COBRA of the promoter region of Xist. An asterisk indicates that the results were further examined with
bisulfite sequencing. The homozygous female embryos (*3) indicate that the promoter region of Xist was completely unmethylated in female homozygous embryos.
(B) The results of the bisulfite sequencing analysis of the Xist promoter region in embryos (*1, *2, *3) indicated in (A), with the percentages of methylated CpG sites
indicated in parentheses. (C) The accumulation of Xist RNA in wild-type and homozygous cells at E7.5. Xist RNAwas detected in wild-type and homozygous female
cells but not in male cells.
695S. Morita et al. / Genomics 89 (2007) 687–696GTTTTTGAAGATGTAAGTAATAAAGTTTT-3′, 5′-CAATTCTAATTC-
TAAAATAAAAAATTTTC-3′; Xist promoter [17], 5′-AAATATTCCCC-
CAAAACTCCT-3′,5′-GTTAATTAATGTAGAAGAATT-3′.
These PCR products were then digested with TaqI (Peg1/Mest, Igf2r, Xist
promoter, IAP), HhaI (Snrpn), HinfI (H19), and HpyCH4IV (major satellite) for
COBRA (combined bisulfite restriction analysis) [28]. Both digested PCR
products (+) and undigested products (−) were subjected to gel electrophoresis.
Quantification was conducted with a Fluor-S multi-imager (Bio-Rad). Quantity
One software (Bio-Rad) was used for the densitometric analysis according to the
manufacturer’s instructions. Images were scanned with a 12-bit gray scale, a
specific format of the software. Background subtraction was performed with the“global method” in Quantity One software, in which the selected area was
calculated as background. PCR cycles were examined to estimate the linear
range of the signal. For bisulfite sequencing, PCR products were cloned into a
TA cloning vector, pCR2.1 (Invitrogen).
Assessment of methylation-sensitive restriction sites of the major
satellite DNA
Genomic DNA was digested with a methylation-sensitive restriction
enzyme, HpyCH4IV, in addition to the methylation-insensitive EcoNI,
and subjected to quantitative PCR amplification. The modified DNA was
696 S. Morita et al. / Genomics 89 (2007) 687–696amplified with the primers 5′-TGGCGAGGAAAACTGAAAAA-3′, 5′-
TCATTTTCAAGTCGTCAAGTGG-3′.
RT-PCR
Total RNA (30 ng) was converted to cDNA using an oligo(dT) primer or
random primer with Superscript II (Invitrogen) according to the manufacturer’s
instructions. PCR analysis of Eif2c2, a major satellite repeat, and imprinted gene
expression was performed with the following primers: Eif2c2, 5′-GTACTT-
CAAGGACAGGCACAAGCTG-3′, 5′-TGGCAATTGCTTTGTTCCTGC-3′;
IAP, 5′-TGCTAATTTTACCTTGGTGCAGTTA-3′, 5′-GTTTGCCAGTCAG-
CAGGAGTTA-3′; major satellite, 5′-GACGACTTGAAAAATGAC-
GAAATC-3′ , 5′-CATATTCCAGGTCCTTCAGTGTGC-3′ ; Snrpn ,
5′-GAGAAACTATGATGTGGGGTCA-3′, 5′-GACGCGCAATCAGTCTC-
TAA-3′; Impact, 5′-ACGTTTCCCCATTTTACAAG-3′, 5′-CTCTACATAT-
GATTTTCTCTAC-3′.
The PCR products were subjected to digestion with AvaI (Snrpn) and
Tsp5091 (Impact) to discriminate the maternal and the paternal allele. The
mouse genotyping was performed with the same primers. The real-time PCR
was performed with an ABI 7700 sequence detector.
RNA FISH
Embryos at 7.5 dpc were trypsinized and fixed in 4% formamide for 10 min
at room temperature. Embryos were then placed in a cytospin cuvette and spun
onto slides at 1800 rpm for 10 min. RNA FISH was performed as previously
described [29]. Slides were dehydrated through a 70–90–100% ethanol series,
air-dried, washed in 100% xylene for 5 min, rehydrated to PBS, incubated with
0.01% pepsin in 0.01 M HCl for 5 min at 37°C, washed in PBS for 5 min,
postfixed in 1% formaldehyde in PBS for 10 min at room temperature, washed
in PBS, dehydrated through an ethanol series, and air-dried before the
application of 50–100 ng of nick-translated DNA probe. Biotinylated GPT16, a
6-kb probe spanning most of the murine Xist exon 1, was used [30]. After
detection with avidin–Texas red (TR) followed by biotinylated anti-avidin and
a final layer of avidin–TR, the slides were washed twice for 3 min in 4× SSC,
0.1% Tween 20 at 37°C and mounted in Vectashield antifade (Vector Labs,
Inc.) containing DAPI. Images were acquired on a Zeiss Axioplan2 MOT
microscope equipped with a cooled CCD camera (RTE/CCD-1317-K,
Princeton Instruments).
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